The IceCube collaboration reports a detection of extra-terrestrial neutrinos. The isotropy and flavor content of the signal, and the coincidence, within current uncertainties, of the 50 TeV to 2 PeV flux and the spectrum with the WaxmanBahcall bound, suggest a cosmological origin of the neutrinos, related to the sources of ultra-high energy, > 10 10 GeV, cosmic-rays (UHECR). The most natural explanation of the UHECR and neutrino signals is that both are produced by the same population of cosmological sources, producing CRs (likely protons) at a similar rate, E 2 dṅ/dE ∝ E 0 , over the [1 PeV,10
Introduction
The sources and acceleration mechanism of cosmic-rays of different energies have not been reliably identified despite many decades of research.
1,2 Particularly challenging to models are the observations of UHECRs, since most models cannot account for the highest observed particle energies. 2, 3 One of the main goals of the construction of high energy neutrino telescopes is to resolve the open questions associated with these long standing puzzles. 3, 4 Assuming that UHECRs are charged nuclei accelerated electromagnetically to high energy in astrophysical objects, some fraction of their energy is expected to be converted to high energy neutrinos through the decay of charged pions produced by the interaction of cosmic-ray protons/nuclei with ambient gas and radiation. A detection of this neutrino signal may enable the identification of the sources and will provide qualitative new constraints on accelerator models. The upper bound 2 E. Waxman derived by Waxman & Bahcall (WB) on the neutrino intensity produced by the CR sources 5, 6 implies that a giga-ton neutrino telescope is required to detect the expected flux in the energy range of ∼ 1 TeV to ∼ 1 PeV, and that a much larger effective mass is required at higher energy (see fig. 1(a) ).
In this chapter we explain the reasoning leading to the conclusion, that the extra-terrestrial flux of neutrinos detected by the giga-ton IceCube detector 7, 8 is produced by UHECR sources embedded in "calorimetric" environments, characteristic of the conditions in galaxies with high star formation rate. The derivation of the WB bound is described in § 2. The implications of IceCube's detection and the constraints it imposes on the sources of high energy neutrinos and CRs are described in § 3. The main conclusions, the main open questions and the prospects for progress in the study of CR sources using high energy neutrinos of astrophysical origin are described in § 4.
The Waxman-Bahcall bound

UHECR composition, production rate and spectrum
The composition of UHECRs is controversial, with air-shower data from the Fly's Eye, HiRes and Telescope Array observatories 9-11 suggesting a proton dominated composition and data from the Pierre Auger Observatory 12 suggesting a transition to heavier elements above 10 10 GeV. Due to this discrepancy, and due to the experimental and theoretical uncertainties in the relevant high energy particle interaction cross sections used for modeling the shape of the air showers, it is impossible to draw a definite conclusion regarding composition based on air-shower data at this time (the anisotropy signal provides an indication for a proton dominated composition, 13 but is so far detected with only a ∼ 2σ confidence level 2 ). The observed flux and spectrum of E > 10 10.2 GeV CRs is consistent with a cosmological distribution of cosmic-ray sources, producing protons at a rate [14] [15] [16] 
The energy density of CRs (at different energies) is determined by the (energy dependent) CR production rate and energy loss time. The energy loss of protons is dominated at high energy by the production of pions in interaction with cosmic microwave background (CMB) photons. 17, 18 The rate estimate of eq. 1 is based on the direct measurement of UHECRs and on the well understood physics of proton-CMB interaction. It is therefore accurate (to ∼ 30%) as long as the composition is dominated by protons. Observations determine only the local, z = 0, proton production rate and spectrum, since the energy loss time of protons is much smaller than the Hubble time (e.g., ∼ 3 × 10 8 yr corresponding to a propagation distance of ∼ 100 Mpc at 10 11 GeV). The observed UHECR spectrum is consistent with a "flat" proton generation spectrum, d logṅ/d log E ≈ −2 with equal energy produced per logarithmic CR energy interval, modified by interaction with CMB photons. This supports a proton dominated composition, since a flat generation spectrum is observed in a wide range of astrophysical environments (e.g. CR protons in the Galaxy, 19, 20 electrons in supernova remnants 19, 20 and in γ-ray bursts 21 ), and is a robust prediction of the best understood and most widely accepted model for particle acceleration in astrophysical objects-Fermi acceleration in collisionless shocks 19, 22, 23 (although a first principles understanding of the process is not yet available).
If the composition is dominated by heavier nuclei up to iron (e.g. O, Si, Fe), the inferred energy generation rate at 10 10.5 GeV would change by a factor of only a few. This is due to the fact that the energy loss distance of protons is not very different from that of heavy nuclei (due to photo-disintegration interactions with the infrared background). 24 However, the different energy dependence of the energy loss distances of heavy nuclei and protons, implies that for a heavy nuclei composition, a generation spectrum different from E 2 dṅ/dE ∝ E 0 or an ad-hoc energy dependent composition would be required to fit the observed spectrum. 24 We consider this as further evidence supporting the proton dominated flux hypothesis, which we adopt in what follows. We return to the possibility of heavy nuclei domination in § 3.2.
The neutrino intensity limit
The energy production rate, eq. 1, sets an upper bound to the neutrino intensity produced by sources, which are optically thin for high-energy nucleons to pγ and pp(n) interactions. For sources of this type, the energy generation rate of neutrinos can not exceed the energy generation rate implied by assuming that all the energy injected as high-energy protons (eq. 1) is converted to pions (via pγ and pp(n) interactions). The resulting all-flavor upper bound is
where ξ z is (a dimensionless parameter) of order unity, which depends on the redshift evolution of E 2 p dṅ p /dE p . The value ξ z = 3 is obtained for rapid redshift evolution, Φ(z) = (1 + z) 3 up to z = 2 and constant at higher z, corresponding approximately to that of the star-formation rate or AGN luminosity density evolution (ξ z = 0.6 for no evolution). The numerical value (3.4) given in eq. 1 is obtained for equal production of charged and neutral pions, as would be the case for pγ interactions dominated by the ∆ resonance. 5 For pγ interactions at higher energy, or pp(n) interactions, the charged to neutral pion ratio may be closer to 2:1, increasing the bound flux by ≈ 30%. Fig. 1(a) illustrates that a giga-ton neutrino telescope is required to detect the expected flux in the energy range of ∼ 1 TeV to ∼ 1 PeV, and that a much larger effective mass is required at higher energy. For a proton dominate UHECR flux, the WB bound is expected to be saturated at ∼ 10 10 GeV, since most of the UHECR protons that have been produced over a Hubble time would have lost all their energy to pion production in interactions with the CMB photons. high energy neutrino intensity (lower-curve: no evolution of the energy production rate, upper curve: assuming evolution following the star formation rate), eq. 2, compared with the atmospheric neutrino background. The curve labelled "GZK" shows the neutrino intensity expected from UHECR proton interactions with micro-wave background photons. 25 The dash-dotted blue line shows the muon neutrino intensity that would produce one neutrino event per year in a detector with an effective mass of 1 Gton. (b) The extra-terrestrial neutrino signal (single flavor, assuming a νe : νµ : ντ = 1 : 1 : 1 flavor ratio) detected by IceCube in the energy range of ∼ 50 TeV to ∼ 2 PeV (points with error bars-"starting events" analysis; 7 green shaded area-muon analysis; 8 adopted from ref. 8 ). Within the current relatively large uncertainties, the detected extra-terrestrial signal coincides with the WB bound (eq. 2). Theroetical model predictions of the emission from particular astrophysical sources (starbursts, 26 GRBs, 27 AGNs 28 ) are also shown.
3. The origin of IceCube's neutrinos
The extra-terrestrial component of the neutrino flux
The IceCube collaboration reported 7 a detection of 37 neutrinos in the energy range of ∼ 50 TeV to ∼ 2 PeV, which constitutes a 5.7σ excess above the expected atmospheric neutrino and muon backgrounds (the uncertain contribution of atmospheric neutrinos from charmed meson decay is constrained by the angular distribution of the detected events). The excess neutrino spectrum is consistent with a "flat", E 2 ν dn ν /dE ν ∝ E 0 ν , spectrum, its angular distribution is consistent with isotropy, and its flavor content is consistent with ν e : ν µ : ν τ = 1 : 1 : 1.
29
Assuming a flat spectrum, the best fit normalization of the intensity is E 2 ν Φ ν = (2.85 ± 0.9) × 10 −8 GeV/cm 2 s sr. Assuming that this intensity extends to high energy, 3 events should have been detected on average above 2 PeV. The absence of such events suggests a suppression of the flux above 2 PeV, or a softer than World Scientific Review Volume -9.75in x 6.5in
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extending beyond 2 PeV , to the data yields α = 2.3 ± 0.3 (90% confidence).
The results of ref. 7 were obtained by an analysis limited to events for which the neutrino interaction occurs within the detector ("starting events"). A recent analysis 8 searching for high energy neutrino induced muon events, not limited to neutrino interactions within the detector, revealed a muon-neutrino flux which constitutes a 3.7σ excess above the expected atmospheric neutrino and muon backgrounds in the energy range of ∼ 300 TeV to ∼ 1 PeV, with flux and spectrum consistent with those of the "starting events" analysis. The results of the "starting events" and muon analyses described above are shown graphically in fig. 1(b) .
Extending the analysis to lower energy, ∼ 10 TeV, where an astrophysical signal would be strongly dominated by the atmospheric flux, an excess of events is found at ∼ 30 TeV 30 above an extension of the flat,
TeV spectrum. This may indicate a new low energy component or a steeper (α ≈ 2.5) spectrum across the entire observed range. Robust conclusions cannot yet be drawn, since the significance of the excess is not high, 2σ, 31 and it is sensitive to the choice of energy bins (e.g. fig. 12 of ref. [30] ). The possible low energy excess does not affect the analysis presented here, which is focused on the higher energy, > 50 TeV, neutrinos.
A ν e : ν µ : ν τ = 1 : 1 : 1 flavor ratio is consistent with that expected for pion decay in cosmologically distant sources, for which oscillations modify the original 1 : 2 : 0 ratio to a 1 : 1 : 1 ratio. 32 However, with the current limited statistics, the data are consistent with any initial (i.e. at the source) flavor ratio. 
UHECR sources in "cosmic calorimeters"
The extra-terrestrial neutrino flux is unlikely to be dominated by (yet unknown) Galactic sources, which, unlike the observed signal, are expected to be strongly concentrated along the Galactic disk. This, and the coincidence with the WB bound, suggests an extra-Galactic origin. IceCube's neutrinos are therefore most likely emitted by the decay of charged pions produced in interactions of high energy CRs with ambient (low energy) photons or protons in extra-Galactic sources.
Let us consider first the case where the parent CRs are protons. The fraction of the parent proton energy carried by each neutrino is approximately 1/20 (for production by interaction with either photons or protons). Since the neutrino flux coincides with the bound given in eq. 2 over the ∼ 50 TeV to ∼ 2 PeV energy range, a lower limit of E 2 p dṅ p /dE p ≥ Q UHE is implied on the local, z = 0, proton production rate in the energy range of ≈ 1 PeV to ≈ 50 PeV. Two distinct scenarios may be considered. The observed neutrinos may be produced by sources accelerating protons at a rate E 2 p dṅ p /dE p ∼ Q UHE , provided that protons of energy E p < 50 PeV lose most of their energy to pion production either within the sources or at the sources' environment. Alternatively, the observed neutrinos may be produced by sources accelerating protons at a rate (E
Q UHE , provided that protons lose only a small fraction, f (E) 1, of their energy to pion production. In the latter case, the small (and likely energy dependent) energy loss fraction f (E) should compensate the large energy production rate, (E 2 p dṅ p /dE p )/Q UHE 1, to reproduce the observed flux and spectrum over two decades of ν energy, and the coincidence of the observed neutrino flux and spectrum with the WB bound would be an accident.
The simpler explanation, which we consider to be more likely, is that both the neutrinos and the UHECRs are produced by the same population of cosmological sources, producing protons with a flat spectrum, d logṅ/d log E ≈ −2 as observed in a wide range of astrophysics accelerators and as expected theoretically for electromagnetic acceleration in collisionless shocks (see § 2.1), over the [1 PeV,10
11 GeV] energy range, and residing in "calorimetric" environments, in which protons of energy E p < 50 PeV lose much of their energy to pion production.
Let us consider next the case where the parent CRs are heavy nuclei of atomic mass A. The fraction of the parent nucleus energy carried by each neutrino emitted by the decay of charged pions produced in inelastic collisions with ambient protons is approximately 1/20A, while interactions with ambient photons may lead to photodisintegration of the nuclei, roughly preserving E/A. In this case therefore, a lower limit of E 2 A dṅ A /dE A ≥ Q UHE is implied on the local, z = 0, production rate of nuclei in the energy range of ≈ 1A PeV to ≈ 50A PeV. As mentioned in § 2.1, if the UHECR flux is dominated by heavy nuclei, the energy production rate required to account for the observed UHECR flux would differ from that given by eq. 1 by a factor of a few at 10 10.5 GeV. Thus, the observed neutrino flux and spectrum and the CR flux at 10 10.5 eV could be explained by a single population of sources producing heavy nuclei with a flat spectrum, d logṅ/d log E ≈ −2 over the [1A PeV,10
11 GeV] energy range, and residing in "calorimetric" environments, in which nuclei of energy E/A ≈ E/2Z < 50 PeV lose much of their energy to pion production.
Unlike the case of protons, if the UHECR flux is dominated by heavy nuclei, the > 10 10 GeV spectrum cannot be simply explained by an extension of a flat, d logṅ/d log E ≈ −2, spectrum to high energy (see § 2.1). We consider this an additional evidence supporting a proton dominated UHECR flux.
For all production channels, p(A) − p(γ), similar flavor content (1 : 1 : 1) and particle/anti-particle content (I ν = Iν) are expected, except for pγ interactions dominated by the ∆ resonance (which may be obtained in environments with soft, d log n γ /d log E γ < −1, photon spectra), where an excess of particles over antiparticles is expected.
Finally, we note that the absence of neutrino detection above a few PeV, which suggests a suppression of the neutrino flux above this energy, may be due to efficient escape of E/Z > 100 PeV CRs from the environments in which they produce the pions (as was predicted to be the case for sources residing in starburst galaxies 26 ), and need not imply a cutoff in the CR production spectrum (see § 3.3.1).
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3.3. Star forming galaxies
Starburst calorimeters
Starburst galaxies have been predicted 26 to act as cosmic-calorimeters, producing an extra-Galactic neutrino background comparable to the WB bound at energies E < 0.5 PeV, and possibly extending to higher energy (see fig.1(b) ). Starbursts may be defined as galaxies with specific star formation rate (sSFR), i.e. SFR per galaxy stellar mass, which is much higher than the average sSFR of galaxies at a similar redshift.
33 Starbursts in the local universe are characterized by disks of typical radii of several hundred parsecs, with column densities Σ g > 0.1g/cm 2 34-36 and magnetic fields B ∼ 1 mG (B ∝ Σ g ), 37 which are much larger than those of "normal" spiral galaxies (Σ g ≈ 0.003g/cm 2 , B ∼ 5 µG in the Milky way). The large disk densities imply that the energy loss time of CR protons, due to inelastic pp collisions, is much shorter in starburst galaxies than in normal spirals, and the enhanced magnetic field implies that the confinement time of the protons is expected to be larger than in normal spirals. This in turn implies that, unlike normal spirals, starburst galaxies may act as proton calorimeters. Starburst galaxies have long been argued 34 to act as calorimeters for few GeV protons, based on the FIR-radio correlation. The recent detection of GeV and TeV emission from the nearby starburst galaxies M82 and NGC253 indicate that these galaxies are calorimetric for protons of energy exceeding 10 TeV. 38 The theoretical arguments given in ref. 26 , and reproduced in a more general way below, suggest that calorimetry holds to energies exceeding 10 PeV.
Protons will lose all their energy to pion production provided that the energy loss time is shorter than both the starburst lifetime and the magnetic confinement time within the starburst gas. In the energy range of interest, the inelastic nuclear collision cross section is σ pp ≈ 50 mb, with inelasticity of ≈ 0.5. The energy loss time, τ loss ≈ (0.5nσ pp c) −1 where n is the interstellar nucleon density, would be shorter than the starburst lifetime, which is at least the dynamical time given by the ratio of to the characteristic gas velocities v, ∼ (2 /v), as long as
For characteristic gas velocities, v = few hundred km/s, the critical surface density, Σ crit , is comparable to the minimum Σ gas of known starburst galaxies.
34,37
The ratio of confinement time and loss time is less straightforward to estimate, since magnetic confinement of CRs is not well understood. In the Milky Way, the total gas column density traversed by CRs of energy E/Z ≤ 1 TeV before they escape the Galaxy is Σ conf,MW ≈ 9(E/10ZGeV) −0.4 g cm −2 .
19,39
If the propagation of CRs in starburst galaxies is similar to that in our Galaxy, we may expect Σ conf,SB (E/Z) = (n SB /n MW )Σ conf,MW (B MW E/B SB Z), since the propagation of the CRs in the magnetic field is determined by E/ZB. For n SB /n MW = B SB /B MW = 100, the fraction of proton energy lost to pion production before escape is f π,SB ≈ 1(E/1PeV) −0.4 . Since the neutrino flux is expected to be dominated by starbursts at z 1, for which the typical surface density should be even higher than in local starbursts, it is reasonable to assume that most of the energy injected into starburst galaxies in E 10 PeV protons is converted to pions.
The fraction of CR production occurring in calorimetric galaxies
The energy loss of E 10 PeV protons in starburst galaxies would produce a neutrino flux and intensity similar to the WB bound at E 1 PeV, provided that the sources of UHECRs produce most of their energy output in starburst environments. This would be the case if, as assumed in ref. 26 , (i) the rate of CR production is proportional to the SFR and (ii) most (or a significant fraction) of the stars in the universe have been produced in starburst episodes.
The leading UHECR accelerator candidates are γ-ray bursts (GRBs) and transient accretion events onto massive black holes residing at the centers of galaxies.
2,3
The assumption that the CR production rate is proportional to the SFR is natural for sources like GRBs, which are related to the deaths of massive stars, and may not be inconsistent with models based on activity around massive central black holes. On the other hand, the assumption that a significant fraction of the stars in the universe have been produced in starburst episodes (as suggested e.g. by ref. 40 ) is not necessarily valid.
Recent observations indicate that for z < 2 the sSFR is narrowly distributed around a z-dependent average, which increases by a factor of ∼ 30 from z = 0 to z = 2.
33 Outliers with high sSFR, which may be categorized as starbursts, are found to contribute only ∼ 10% of the total SFR. 33 The interpretation of these results is still debated. In particular, starburst activity has been commonly argued to be triggered by galaxy mergers, and whether or not the narrow distribution of the sSFR rules out major mergers as the cause for the rapid increase of the average sSFR with redshift is still debated. 41, 42 In other words, if starburst activity is driven by mergers and major mergers are responsible for the increase in the sSFR, all galaxies at higher redshift may be classified as starbursts.
While the definition of a starburst is debateable and the fraction of starformation occurring in starburst episodes is still uncertain, it should be noted that the typcial galaxies at high z, which are rapidly forming stars, may well be calorimetric. CO observations of 6 z = 1.5 galaxies with 'normal' (i.e. close to the average) sSFR show that they are characterized by rapid SFR, ∼ 100M /yr, and high column density massive molecular disks, Σ g ∼ 0.1g/cm 2 . 41 In the local universe, galaxies with such column density and SFR are calorimetric(see eq. 3 and ref. 38) . While the disk structure of high z galaxies may be different, and the determination of the high z molecular gas content is uncertain, these results support the hypothesis that a large fraction of the SFR occurred in calorimetric environments.
A lower limit to the density of steady sources
The non detection by IceCube of point sources producing multiple neutrino events, combined with the measured "diffuse" neutrino intensity, sets a lower limit to the density of the sources producing the neutrinos, and an upper limit to their neutrino luminosity. We give below a simple order of magnitude estimate of these limits.
Consider a population of "standard candle" sources, with density n s (z) and 0.1 to 1 PeV muon neutrino luminosity L νµ . We consider only neutrino induced muon events, for which the arrival direction may be determined with good accuracy (better than 1 deg). The coincidence of the neutrino intensity with the WB bound implies, using eq. 2 and a measured 1 : 1 : 1 flavor ratio,
where n 0 ≡ n s (z = 0). The flux of neutrinos of energy E ν required for the detection of more than one neutrino induced muon event is approximately given by f m = E ν /AT P µν , where A is the detector's effective area, T is the integration time, and the probability that a 1 TeV to 1 PeV neutrino with a propagation track crossing the detector would produce a muon going through the detector is P µν ≈ 10 −6 (E ν /1TeV). 4 This yields f m ≈ 2 × 10 −12 (AT /3km 2 yr) −1 erg/cm 2 s. The limit inferred below on n 0 implies that the distance d m below which the flux exceeds
Thus, the number of sources producing multiple upward moving (and hence neutrino induced) muon events is approximately
The requirement N m < 1 sets a lower limit to the density of steady sources, n 0 > 10 −7 Mpc −3 (implying L νµ < 10 43 erg/s and d m < 200 Mpc), consistent with that of the detailed analysis of ref. 43 . It rules out rare candidate sources, like bright L ∼ 10 47 erg/s AGN with n 0 ∼ 10 −9 Mpc −3 , and is consistent with the density of starburst galaxies, n 0 ∼ 10 −5 Mpc −3 .
Summary and discussion
The calorimetric star-forming galaxies model and its uncertainties
IceCube's measurements of extra-terrestrial neutrinos are consistent with a model in which both the neutrinos and the observed UHECRs are produced by the same population of cosmological sources, producing CR protons at a similar rate, E 2 dṅ/dE ∝ E 0 , over the [1 PeV,10
11 GeV] energy range, and residing in "calorimetric" environments, in which E < 50 PeV protons lose much of their energy to pion production ( § 3.2). This model is a natural explanation of IceCube's results since it relies on a known (although not yet identified) population of sources-the UHECR sources, and since it does not depend on ad-hoc choices or fine tuning of model parameters: the neutrino flux normalization is determined by the observed UHECR flux, and the neutrino spectrum is consistent with that implied by the measured UHECR spectrum ( § 2.1). Moreover, a "flat" d logṅ/d log E ≈ −2 generation spectrum is observed in a wide range of astrophysical environments [19] [20] [21] and is a robust prediction of the most widely accepted and best understood (although not yet from first principles) model for particle acceleration in astrophysical objectsFermi acceleration in collisionless shocks.
19,22,23
A wide variety of (non calorimetric) models for the neutrino origin were proposed following IceCube's discovery (including dark matter decay, active galactic nuclei of various types, see fig. 1(b) , and galaxy clusters, see refs. 44,45 for reviews). These models generally rely on ad-hoc choices of model parameters, which cannot be derived theoretically or determined observationally, in order to reproduce the observed flux and spectrum of the neutrinos. Their predictive power is thus limited.
Radio to TeV observations of local starburst galaxies imply that they are calorimetric for protons of energy exceeding 10 TeV, 34, 38 and theoretical arguments suggest that calorimetry holds to energies exceeding 10 PeV ( § 3.3.1). Starburst galaxies have thus been predicted 26 ( fig. 1(b) ) to produce an extra-Galactic neutrino background comparable to the WB bound at energies E < 0.5 PeV, and possibly extending to higher energy, provided that (i) the rate of CR production is proportional to the SFR and (ii) most (or a significant fraction) of the stars in the universe have been produced in starburst environments. The validity of the first assumption is natural if UHECRs are produced by GRBs (and may hold also for models based on activity around massive central black holes). It is further supported by the observation that at low CR energy, ∼ 10 GeV, the ratio of CR production rate to SFR is similar, ∼ 10 47 erg for 1 M of star formation, in the Galaxy and in starburst galaxies, while their SFRs differ by orders of magnitude.
46
The production rate per unit volume of CR protons at ∼ 10 GeV, E 2 dṅ/dE| 10 GeV , is only ∼ 10 times the rate at UHE, suggesting that the same sources are responsible for the production of CRs of all energies, 46 from 1 GeV to 10 11 GeV (implying d logṅ/d log E −2.1). Alternatively, there may exist a population of sources, associated with star formation and embedded in starbursts (like supernovae), producing CRs at a rate and spectrum similar to that of the UHE sources but reaching only lower energy ( 10 10 GeV), and thus making a contribution to the lower energy CR flux and possibly to the 1 PeV neutrino flux, [47] [48] [49] which is similar to that of the UHECR sources. In this scenario, the similarity of the energy production rates of the lower E and UHE sources requires an explanation a . The main uncertainty remaining is the fraction of stars formed in calorimetric environments. The observed neutrino intensity is dominated by sources at redshift 1-2. The 'average' galaxies at these redshifts produce stars at a much higher a The ad-hoc explanation given in the next to last parag. of ref. 26 is incorrect. It follows erroneous statements that are inconsistent with the rest of that article (That the local 1.4 GHz luminosity is dominated by starbursts, and that UHECRs do not escape starbursts) rate than local galaxies, 33 and observations indicate that they are characterized by high column density molecular disks, Σ g ∼ 0.1g/cm 2 . 41 While this provides an indication that a significant fraction of the star formation occurred in calorimetric environments ( § 3.3), the structure of galaxy disks at this redshift range is poorly constrained.
The production of neutrinos by pion decay is accompanied by the production of high energy photos, which initiate electromagnetic cascades via interaction with infra-red background photons, leading to a background of 0.1 TeV photons. In calorimetric models with a power-law proton spectrum, pion production by ∼ 1 TeV protons contributes directly to the 0.1 TeV photon background. The resulting background intensity is expected to contribute a significant fraction of the observed 0.1 TeV background, 51 limiting the proton spectra to d logṅ/d log E > −2.2.
52-54
Open questions and the way towards their resolution
Due to the limited statistics and flavor discrimination power, the current uncertainties in the determination of the neutrino spectrum, angular distribution and flavor content are large ( § 3.1). A significant reduction of uncertainties requires a significant (order of magnitude) expansion of the effective mass of the detector at 100 TeV. Such expansion is necessary for example for a study of the hints for spectral breaks at low, < 30 TeV, and high, > 2 PeV energy, which are currently detected with low statistical significance. Reduced uncertainties will provide much more stringent constraints on predictive models, such as the calorimetric model.
An identification of the sources by angular correlation with a catalog of nearby sources is unlikely, since the fraction of events originating from z < 0.1 sources is ≈ 1/20, implying that the fraction of well localized neutrino induced muon events from z < 0.1 sources over 2π sr is ∼ 1/200.
A detection of neutrino emission from few nearby bright starburst galaxies would constitute a major evidence in support of the calorimetric star-forming galaxy model. Since the local density of starbursts is n 0 ∼ 10 −5 Mpc −3 , a ∼ 10-fold increase in the effective area of the detector at ∼ 100 TeV is required in order to enable the detection of a few nearby sources (see eq. 5 and refs. 43, 50) .
An identification of the neutrino sources is likely to identify the calorimeters within which the CR accelerators reside, but not the accelerators themselves. The neutrino flux that is produced within the accelerators is expected to be significantly lower than the total neutrino flux produced in the calorimeters surrounding them. For example, if UHECRs are protons produced in GRBs, the neutrino flux expected to be produced within the GRB accelerators is ≈ 10% (≈ 1%) of the WB flux at 1 PeV (0.1 PeV) 27 ( fig. 1(b) ). Such a low flux would imply that had the accelerators been steady sources, even a tenfold increase in detector mass would have been unlikely to enable their identification. Luckily, the UHECR accelerators must be transient: The absence of (steady) sources with power output exceeding the minimum required for proton acceleration to 10 11 GeV, L > 10 46 erg/s, within the ∼ 100 Mpc propagation distance of such high energy protons, implies that the sources must be extremely bright transients. 2, 3 Their identification may be possible by an association of a neutrino with an electromagnetic signal accompanying the transient event.
In order to open the possibility for such associations, a tenfold increase in detector mass and a wide field electromagnetic transient monitoring program are required.
A large sample of high energy neutrinos may enable one to study both neutrino properties and possibly deviations from the standard model of particle physics (see ref. 45 for a recent summary of such possibilities). The identification of the sources is important for such studies, in order to discriminate between spectral/flavor features originating from astrophysical and particle physics model effects (e.g. ref. 55 ).
Finally, while we have argued ( § 2.1, § 3.2) that a proton dominated composition is more likely, a heavy nuceli dominated composition cannot be excluded. A detection of (or stringent upper limit on) the GZK neutrino flux predicted for a proton dominated composition ( § 2.2, fig. 1(a) ) will provide a clear confirmation of (or will rule out) a proton dominated composition. The recent analysis of Auger 56 sets an upper limit which is close to the WB bound at ∼ 10 9.5 GeV, and the expected flux may be detectable by future radio experiments.
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